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ABSTRACT 

Context. With the space-borne missions CoRoT and Kepler, a large amount of asteroseismic data is now available and 
has led to a variety of work. So-called global oscillation parameters are inferred to characterize the large sets of stars, 
perform ensemble asteroseismology, and derive scaling relations. The mean large separation is such a key parameter, 
easily deduced from the radial-frequency differences in the observed oscillation spectrum and closely related to the 
mean stellar density. It is therefore crucial to measure it with the highest accuracy in order to obtain the most precise 
asteroseismic indices. 

Aims. As the conditions of measurement of the large separation do not coincide with its theoretical definition, we revisit 
the asymptotic expressions used for analyzing the observed oscillation spectra. Then, we examine the consequence of 
the difference between the observed and asymptotic values of the mean large separation. 

Methods. The analysis is focused on radial modes. We use series of radial-mode frequencies in published analyses of stars 
with solar-like oscillations to compare the asymptotic and observational values of the large separation. This comparison 
relies on the proper use of the second-order asymptotic expansion. 

Results. We propose a simple formulation to correct the observed value of the large separation and then derive its 
asymptotic counterpart. The measurement of the curvature of the radial ridges in the echelle diagram provides the 
correcting factor. We prove that, apart from glitches due to stellar structure discontinuities, the asymptotic expansion 
is valid from main-sequence stars to red giants. Our model shows that the asymptotic offset is close to 1/4, as in the 
theoretical development, for low-mass, main-sequence stars, subgiants and red giants. 

Conclusions. High-quality solar-like oscillation spectra derived from precise photometric measurements are definitely 
better described with the second-order asymptotic expansion. The second-order term is responsible for the curvature 
observed in the echelle diagrams used for analyzing the oscillation spectra, and this curvature is responsible for the 
difference between the observed and asymptotic values of the large separation. Taking it into account yields a revision 
of the scaling relations, which provides more accurate asteroseismic estimates of the stellar mass and radius. After 
correction of the bias (6% for the stellar radius and 3% for the mass), the performance of the calibrated relation is 
about 4% and 8% for estimating, respectively, the stellar radius and the stellar mass for masses less than 1.3 M©; the 
accuracy is twice as bad for higher mass stars and red giants. 

Key words. Stars: oscillations - Stars: interiors- Methods: data analysis - Methods: analytical 



^ 1. Introduction scaling reat ions governing the amplitude of the o scillation 
C3 signal fe.g.- IStello et al.ll201ll:lMosser et al.ll2012a^ . In case 
- - The amount of asteroseismic data provided by the space- ^n oscillation spectrum is determined with a low signal-to- 
borne missions CoRoT and Kepler has given rise to ensem- ^^^^^ ^^tio, the mean large separation is th e single param- 20 
ble asteroseismology. With hundreds of stars observed from eter that can be precisely measured (e.g.. iBeddingltHI 
5 the main sequence to the red giant branch, it is possible to iMosser et alllMl iGaulme et al.ll2010D . 
study evolutionary sequences and to derive seismic indices 

from global seismic observational parameters. These global The definition of the large separation relies on the 

parameters can be measured prior to any complete deter- asymptotic theory, valid for large values of the eigenfre- 

mination of the individual mode frequencies and are able to quencies, corresponding to large values of the radial order. 25 

10 provide global info rmation on the oscillation spectra (e.g., However, its measurement is derived from the largest peaks 

iMichel et al\\2UM) . For instance, the mean large separation seen in the oscillation spectrum in the frequency range sur- 

Aiy between consecutive radial-mode frequencies and the rounding i/^ax, thus in conditions that do not directly cor- 

frequency i^niax of maximum oscillating signal are widely respond to the asymptotic relation. This difference can be 

used to provide estimates of the stellar mass and radius taken into account in comparisons with models for a spe- 30 

15 (e.g., iKallinger et Zl [20101: iMosser et al.l[20Toh . Almost aU cific star, but not in the consideration of large sets of stars 

other scaling relations make use of Ai^, as, for instance, the ^*-'r statistical studies. 

In asteroseismology, ground-based observations with a 

Send offprint requests to: B. Mosser limited frequency resolution have led to the use of sim- 
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KIC 9139163 HD 49933 
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Fig. 1. Echelle diaKr am of the radial modes of the star KIC 
9139163 (from lAppourchaux et al..,2012,) . The red dashed 
line indicates the quadratic fit that mimics the curvature. 
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Fig. 2. Variation of the large separations t',ij-_|j2^^£jjjj_asa 
funct ion of v^fi for the star HD 49933 (from lBenomar et al.l 
l2009f ). The red dashed line indicates a linear fit. 



35 plified and incomplete forms of the asymptotic expansion. 
With CoRoT and Kepler data, these simplified forms are 
still in use, but observed uncertainties on frequencies are 
much reduced. As for the Sun, one may question using the 
asymptotic expansion, since the quality of the data usu- 

40 ally allows one to go beyond this approximate relation. 
Moreover, modeling has shown that acoustic glitches due to 
discontinuities or important gradients in the stellar struc- 
ture may hamper the use of the asymptotic expansion (e.g., 
lAudard fc Provost|[l994[ ). 

45 In this work, we aim to use the asymptotic relation in 
a proper way to derive the generic properties of a solar-like 
oscillation spectrum. It seems therefore necessary to revisit 
the different forms of asymptotic expansion since Ai^ is in- 
troduced by the asymptotic relation. We first show that 

50 it is necessary to use the asymptotic expansion including 
its second-order term, without simplification compared to 
the theoretical expansion. Then, we investigate the conse- 
quence of measuring the large separation at t'max and not 
in asymptotic conditions. The relation between the two val- 

55 ues, Ai^as for the asymptotic value and Ai'obs for the ob- 
served one, is developed in Section [5J The analysis based 
on radial-mode frequencies found in the literature is carried 
out in Section [3] to quantify the relation between the ob- 
served and asymptotic parameters, under the assumption 

60 that the second-order asymptotic expansion is valid for de- 
scribing the radial oscillation spectra. We verify that this 
hypothesis is valid when we consider two regimes, depend- 
ing on the stellar evolutionary status. We discuss in Section 
|4]the consequences of the relation between the observed and 

65 asymptotic parameters. We also use the comparison of the 
seismic and modeled values of the stellar mass and radius 
to revise the scaling relations providing M and i? estimates. 



2. Asymptotic relation versus observed parameters 

2.1. The original asymptotic expression 

70 The oscillation pattern of low-degree oscillation pressure 
modes c an be described by a second-order relation (Eqs. 
65-74 oflSssoul 1980). This approximate relation is called 
asymptotic, since its derivation is strictly valid only for 
large radial orders. The development of the eigenfrequency 

75 Vn,e proposed by Tassoul includes a second-order term, 
namely, a contribution in l/vn^' 

vn,i ={n + l-+e\ ^v- + 1) do + rfi] — (1) 

V ^ / Vn,l 



where n is the p-mode radial order, I is the angular degree, 
Ai/ is the large separation, and e is a constant term. The 
terms and e are discussed later; the dimensionless term 80 
do is related to the gradient of sound speed integrated over 
the stellar interior; d\ has a complex form. 

2.2. The asymptotic expansion used in practice 



When reading the abundant literature on asteroseismic ob- 
servations, the most common forms of the asymptotic ex- 
pansion used for interpreting observed low-degree oscilla- 
tion spectra (e.g.. iMosser et al.l[T99lHBedding et al.ll200il: 



iBouchv et al.ll2005l for ground-based observations) are sim 
ilar to the approximate form 



2+eo 



Aj^o-i{e+l) Do. 



Compared to Eq. ([T]), the contribution of di and the vari- 
ation of the denominator varying as i'n,e are both omitted. 
This omission derives from the fact that ground-based ob- 
servations have a too coarse frequency resolution. Equation 
^ is still in use for space-borne observati ons that provide 



a much better frequency resol ution (e.g., Campante et ahl 



2011; White et al. 2012: Corsa ro et al.ll2012[ ). The large^ 
aration Avq and the offset £o are supposed to play the roles 
of Al/ and e in Eq. ([IJ: this is not strictly exact, as shown 
later. 

Observationally, the terms Ai^o and Dq can be derived 
from the mean frequency differences 



At'o = {Vn+l,l - Vn,l), 
, 1 



Do 



{Vn,. 



'n~l,l+2)), 



(3) 
(4) 



Vnfi = {n + eo) Avo. 



(5) 



Clearly, this form cannot account for an accurate descrip- 
tion of the radial-mode pattern, since the echelle diagram 
representation shows an noticeable curvature for most stars 
with solar-like oscillations at all evolutionary stages. This 
curvature, always with the same concavity s ign, is partic- 
ularly visible in red giant oscillations (e.g., iMosser et al.l 
12011 : iKallinger et al.l 20121 ). whic h show solar-like oscil- 
lations at low radial order (e.g., iDe Ridder et al.l 120091 : 



85 



(2) 90 



95 



100 



where the square brackets represent the mean values in the 
observed frequency range. For radial modes, the asymptotic 
expansion reduces to 105 



110 
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115 iBedding etUI l2010al) . Figure [T] shows a typical example 
of the non-negligible curvature in the echelle diagram of a 
main-sequence star with many radial orders. The concav- 
ity corresponds equivalently to a positive gradient of the 
large separation (Fig. [5]) . This gradient is not reproduced 

120 by Eq. ([5]), stressing that this form of the asymptotic ex- 
pansion is not adequate for reporting the global properties 
of the radial modes observed with enough precision. Hence, 
it is necessary to revisit the use of the asymptotic expres- 
sion for interpreting observations and to better account for 

125 the second-order term. 

2.3. Radial modes depicted by second-order asymptotic 
expansion 

We have chosen to restrict the analysis to radial modes. 
We express the second-order term varying in i/^^ of Eq. ([1]) 
130 with a contribution in n~^: 



135 



150 



155 



n 



(6) 



140 Ai/a 




(7) 



where c is the sound speed. We note that Avq, different 
from the asymptotic value Az^as, cannot directly provide 
the integral value of 1/c. We also note that the offset e^s 
has a fixed value in the original work of Tassoul: 



_ 1 

145 £^ as, Tassoul — 



(8) 
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= 4.01 ij,H7. 


': 


40 


- i& 

: 




/ 

/' 


a \ 








/' 


a \ 


30 






/ 

/' 

/ 


a ; 
a ; 


20 


- ' OA 




/ 

/ 


OA ; 


10 











Compared to Eq. ([T]), we added the subscript as to the 
different terms in order to make clear that, contrary to 
Eq. we respect the asymptotic condition. We replaced 
the second-order term in by a term in 1/n instead of 
l/(n-|-£as), since the contribution of £as in the denominator 
can be considered as a third-order term in n. 

The large separation Av^s is related to the stellar acous- 
tic diameter by 



In the literature, one also finds that £as = l/4 + a(i/), where 
a{iy) is determined by the properties of the near-surface 
region (|Christensen-Dalsgaard & Perez Hernandez 1992). 

The second-order expansion is valid for large radial or- 
ders only, when the second-order term Ai^/n is small. This 
means that the large separation Az/as corresponds to the fre- 
quency difference between radial modes at high frequency 
only, but not at z^max- We note that the second-order term 
can account for the curvature of the radial ridge in the 
echelle diagram, with a positive value of Aas for reproduc- 
ing the sign of the observed concavity. 



2 3 
(n + ^obs) '^''ob, (."Hz) 

Aj/„ = 4.14 fiHz 



12 3 4 

1/ - (n + €„) A;y„ il-iHz) 

Fig. 3. Echelle diagrams of the radial modes of a typi- 
cal red-clump giant, comparing the asymptotic expansion 
(Eq. ([5]), blue triangles) and the development describing 
the curvature (Eq. ^ red diamonds) . Top: diagram based 
on Ai'obs observed at i^maxj the dashed line indicates the 
vertical asymptotic line at t'max; the dot-dashed line indi- 
cates the asymptotic line at high frequency. For clarity, the 
ridge has been duplicated modulo Aj^obs- Bottom: diagram 
based on Az^as; the dot-dashed line indicates the vertical 
asymptotic line at high frequency. 



Im osser et al] (|2011h have proposed including the curvature 165 
of the radial ridge with the expression 



^obs 



^obs 



bs 5 



(9) 



where Az^obs is the observed large separation, measured in 
a wide frequency range around the frequency z^max of max- 
imum oscillation amplitude, ctobs is the curvature term, 
and Eohs is the offset. We have also introduced the di- 
mensionless value of z^max, defined by n^ax = t^max/Ai'obs- 
Similar fits have already been proposed for the oscilla- 
tion spec tra o f the Sun (Christensen-Dalsga ard fc Frandsenl 
1983; G rec et al.l 119831: IScherrer e t al. 198 3), of a CenA 



(Bedding et al.l I20Q4D . a Cen B (.KieldseiTet all [20051) 



HP 20 3608 (|Mosser et aI1l2008bD. Procyo n (jMosser et al.l 
I2008a[ ). and HP 46375 (|Gaulme et al.ll2010D . In fact, such a 
fit mimics a second-order term and provides a linear gradi- 
ent in large separation: 



170 



175 



180 



(1 + aobs 



J) Az^obs 



(10) 



2.4. Taking into account the curvature 

In practice, the large separation is necessarily obtained 
from the radial modes with the largest amplitudes ob- 
160 served in the oscillat i on p attern around I'max (e.g., 
iMosser fc Appourchauxl I2009D . In order to reconcile ob- 
servations at z/max and asymptotic expansion at large fre- 
quency, we must first consider the curvature of the ridge. To 
enhance the quality of the fit of radial modes in red giants. 



The introduction of the curvature may be considered as 
an empirical form of the asymptotic relation. It reproduces 
the second-order term of the asymptotic expansion, which 
has been neglected in Eq. with an unequivocal corre- 
spondence. It relies on a global description of the oscillation 
spectrum, which considers that the mean values of the seis- 
mic parameter s are determined in a large fre quency range 
around z^max l|Mosser fc Appourchauxl 120091 ). Such a de- 
scription has shown interesting properties when compared 
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195 



200 



205 



210 



215 



to a local one that provides the large sep aration from a lim- 
ited frequency rang e only around Vma^ (jVerner et al.ll20lit 
iHekker et alJl2012l) . 

It is straightforward to make the link between both 
asymptotic and observed descriptions of the radial oscil- 
lation pattern with a second-order development in (n — 
'T-max) /'^max of the asymptotic expression. From the identi- 
fication of the different orders in Eqs. (O and ([H]) (constant, 
varying in n and in n^), we then get 



A,, 



"obs 



2 l+Un 



Oiohs 



sc^obs 



ttobs 



(11) 

(12) 
(13) 



When considering that the ridge curvature is small enough 
('^maxaobs/2 < 1), and Eas bccome 



A, 



Q^obs :i 

n 

2 "max' 

^max*^obs 



^obs 1 



.r'^obs 



(14) 
(15) 



These developments provide a reasonable agreement with 
the previous exact correspondence between the asymptotic 
and observed forms. 

The difference between the observed and asymptotic 
values of e includes a systematic offset in addition to the 
rescaling term (1 — ?T.maxQ!obs/2). This comes from the fact 
that the measurement of £obs significantly depends on the 
measurement of Az^obs : a relative change 77 in the measure- 
ment of the large separation translates into an absolute 
change of the order of — nmax'7- This indicates that the mea- 
surement of Eobs is difficult since it includes large uncer- 
tainties related to all effects that affect the measurement 
of the large separation, such as struct ure discontinuities 
or s ignificant gradients of composition (jMiglio et al.ll20l"ot 
[Mazunidar et al..,2012i) . 



2.5. Echelle diagrams 

The echelle diagrams in Fig. [3] compare the radial oscillation 
patterns folded with Ai/obs or Ai'as- In practice, the fold- 

220 ing is naturally based on the observations of quasi- vertical 
ridges and provides Ai/obs observed at i/,„ax (Fig- 13] top). A 
folding based on Ai'as would not show any vertical ridge in 
the observed domain (Fig.[2]bottom). In Fig. [3] we have also 
compared the asymptotic spectrum based on the parame- 

225 ters Afas, ^as, and Sas to the observed spectrum, obeying 
Eq. Perfect agreement is naturally met for ~ t'max- 
Differences vary as aobs('T- — "-max)^- They remain limited to 
a small fraction of the large separation, even for the orders 
far from rimax, so that the agreement of the simplified ex- 

230 pression is satisfactory in the frequency range where modes 
have appreciable amplitudes. Comparison of the echelle di- 
agrams illustrates that the observable Ai/obs significantly 
differs from the physically-grounded asymptotic value Ai-'as. 



3. Data and analysis 

3.1. Observations: main-sequence stars and subgiants 

Published data allowed us to construct a table of observed 
values of aobs and £ohs as a function of the observed large 
separation Ai/obs (Table [TJ with 94 stars). We considered 
observations of subgiants and main-sequence stars observed 
by CoRoT or by Kepler. We also made use of ground-based 
observations and solar data. All references are given in the 
caption of Table [TJ 

We have considered the radial eigenfrequencies, calcu- 
lated local large spacings Vn+ifl ~ ^nfl, and derived At'obs 
and Q!obs from a linear fit corresponding to the linear gra- 
dient given by Eq. (IIOD . The term £obs is then derived from 
Eq. ®. With the help of Eqs. (HH), dm) and (US]), we an- 
alyzed the differences between the observables Ai'obs, Eobs, 
ttobs and their asymptotic counterparts Az^as, £as, and A^s- 
We have chosen to express the variation with the parameter 
JT-max, rather than Ai/obs or I'max- Subgiants have typically 
'T-max > 15, and main-sequence stars rimax > 18. 



3.2. Observations: red giants 

We also considered observations of stars on the red giant 
branch that have been modelled. They were analyzed ex- 
actly as the less-evolved stars. However, this limited set 
of stars cannot represent the diversity of the thousands 
of red giants already an alyzed in both the CoRoT and 
Keyler fields ( e.g., Hckker et al.ll2009HBedding et al.ll2010at 
'M osser et aH I2OIOI: iStello et al.l I2OIOD . We note, for in- 
stance, that their masses are higher than the mean value 
of the largest sets. Furthermore, because the number of 
excited radial mode s is much more limited than for main- 
sequence stars (Mosser et al.l l20l"ol ). the observed seismic 
parameters suffer from a large spread. Therefore, we also 
made use of the mean relation found for the curvature of t he 
red giant radial oscillation pattern ()Mosser "eraI1l2012bD 



235 



Ckobs.RG = 0.015 /^V^^, 



-0.32 



(16) 
and 



240 



245 



250 



255 



260 



265 



This relation, when expressed as a function of ri^ax 
taking i nto accoun t the scaling relation lS.v cx I'mlx (^-g-, 270 
,Hekker et al.ll20lil) . gives aobs,RG = 0.09 JT-max'^. The expo- 
nent of this scaling relation is close to —1, so that for the 
following study we simply consider the fit 

«obs,RG = 2aRG'^mLj (1''') 

with Org — 0.038±0.002. Red giants have typically nmax < 275 
15. 



3.3. Second-order term Aas and curvature Uohs 

We first examined the curvature aobs as a function of 

^max 

(Fig. HI) , since this term governs the relation between 
the asymptotic and observed values of the large separa- 
tion (Eq. PT|)). A large spread is observed because of the 
acoustic glitches c aused by structure discontinuities (e.g., 
'Miglio e t al.ll2010l) . Typical uncertainties of aobs are about 
20%. We are interested in the mean variation of the ob- 
served and asymptotic parameters, so that the glitches are 
first neglected and later considered in Section lTT] The large 
spread of the data implies that, as is well known, the asymp- 
totic expansion cannot precisely relate all of the features of 
a solar-like oscillation spectrum. However, this spread does 
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Subgiants Main— sequence stars 



O.B 1.0 1.2 1.4 1.6 1.1 

M/M,, 




as a function of n 



max 
1 



Fig. 4. Curvature 10'^ aobs 

fmax/ Al/. The thick hne corresponds to the fit in n"^^ ^s- 
tabhshed for red giants, and the dotted hne to its extrap- 
olation towards larger nmax- The dashed line provides an 
acceptable fit in n~ax valid for main-sequence stars. Error 
bars indicate the typical l-cr uncertainties in three different 
domains. The color code of the symbols provides an esti- 
mate of the stellar mass; the colors of the lines correspond 
to the different regimes. 



Subgiants Main-sequencfe stars 



0.8 1.0 1.2 1.4 1.6 




Fig. 5. Same as Fig. 01 for the second-order asymptotic 
term j4as as a function of /imax- The fits of in the differ- 
ent regimes are derived from the fits of aobs in Fig. 2] and 
the relation provided by Eq. ([T^ . 



290 not invalidate the analysis of the mean evolution of the 
observed and asymptotic parameters with frequency. 

The fit of aobs derived from red giants, valid when n^ax 
is in the range [7, 15], does not hold for less-evolved stars 
with larger rimax (Fig. E]). It could reproduce part of the 

295 observed curvature of subgiants but yields too large values 
in the main-sequence domain. In order to fit main-sequence 
stars and subgiants, it seems necessary to modify the expo- 
nent of the relation aobs('T'max). When restricted to main- 
sequence stars, the fit of aobs('T-max) provides an exponent 

300 of about —2 ± 0.3. We thus chose to fix the exponent to the 
integer value —2: 



aobs, MS = 2 QMS n 



2 

max' 



(18) 



with Cms = 0.57 ± 0.02. Having a different fit compared to 
the red giant case (Eq. (ITSl) ') is justified in Section l375l even 



ants Main-sequence stars 



0.8 1.0 1.2 1.4 1.6 1.8 

M/Mo 




Fig. 6. Same as Fig. |4l for the relative difference of the 
large separations, equivalent to nmaxCCobs/Z, as a function 

of Tl-max . 



if a global fit in n^^^ should reconcile the two regimes, we 
keep the two regimes since we also have to consider the fits 
of the other asymptotic parameters, especially £ohs- We also 
note a gradient in mass: low-mass stars have systematically 
lower aobs than high-mass stars. Masses were derived from 
the seismic estimates when modeled masses are not avail- 
able (Tabled]). At this stage, it is however impossible to 
take this mass dependence into consideration. 

As a consequence of Eq. ([Ti)) . we find that the second- 
order asymptotic term v4as scales as n^^^x fo^' '^sd giants 
and as rimax for less-evolved stars (Fig. [Q). We note, again, 
a large spread of the values, which is related to the acoustic 
glitches. 



3.4. Large separations Ai^as snd Ai^obs 

The asymptotic and observed values of the large separations 
of the set of stars are clearly distinct (Fig. [B]) . According to 
Eq. (jlip . the correction from Ai'obs to Ai^as has the same 
relative uncertainty as aobs- The relative difference between 
Ai^as and Ai^obs increases when nmax decreases and reaches 
a constant maximum value of about 4 % in the red giant 
regime, in agreement with Eq. (1171) . Their difference is re- 
duced at high frequency for subgiants and main-sequence 
stars, as in the solar case, where high radial orders are ob- 
served, but still of the order to 2 %. This relative difference, 
even if small, depends on the frequency. This can be repre- 
sented, for the different regimes, by the fit 



Al^as = (l-f C) Al^obs, 
with 

0.57 



(19) 



c 



(main-sequence regime: rimax ^ 15), (20) 



C — 0.038 (red giant regime: n^ax < 15). 



(21) 



305 



310 



315 
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330 



The consequence of these relations is examined in 
Section 14.21 As for the curvature, the justification of the 
two different regimes is based on the analysis of the offset 335 

^obs ■ 
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Fig. 7. Same as Fig. 21 for the observed (diamonds) and asymptotic (triangles) offsets. Both parameters are fitted, with 
dotted lines in the red giant regime and dashed lines in the main-sequence regime; thicker lines indicate the domain 
of validity of the fits. The triple-dot-dashed line represents the Tassoul value Cas = 1/4, and the dot-dashed line is the 
model of ^obs (varying with log Ai^obs hi the red giant regime, and constant for less-evolved stars). 
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Fig. 8. Same as Fig. [71 with a color code depending on the effective temperature. 
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3.5. Observed and asymptotic offsets 



4. Discussion 



360 



The offsets Sohs and g as are plotted in Fig . [T] Tlie fit of 
Cobs , initially g iven b y 'Mosser ct alj (j201lf ) for red giants 

340 and updated bv lCorsar o et al. ( 20121). is prolonged to main- 
sequence stars with a nearly constant fit at Eobs.MS — 1-4. 
We based this fit on low-mass G stars in order to avoid the 
more complex spectra of F stars that c an be affected by the 
HP 49933 misidentifi cation syndrome (iAp pourchaux et al.l 

345 120081 : iBenomar et al.ll2009.1 . The spread of Ess is large since 
the propagation of the uncertainties from Uohs to £as yields 
a large uncertainty: (5£as — 2(5aobs/Q!obs — 0.4. 

We note in particular that the two different regimes seen 
for ttohs correspond to the different variations of Eobs with 

350 stellar evolution. The comparison between e^s and Sobs al- 
lows us to derive significant features. The regime where 
Eobs does not change with Az/obs coincides with the regime 
where the curvature evolves with The correction pro- 

vided by Eq. (jl3p then mainly corresponds to the constant 

355 term 2 cms- As a consequence, for low- mass main-sequence 
and subgiant stars the as ymptotic value is very close to 
1/4 (Eq. ©, as found bv iTassoull [1980 ^ . 



In the red-giant 

regime, the curvature varying as n^^^ provides a variable 
correction, so that e^s is close to 1 /4 also even if Sobs varies 
with Az^obs- 



3.6. Mass dependence 

For low-mass stars, the fact that we find a mean value 
(cas) of about 1/4 suggests that the asymptotic expansion 
is valid for describing solar-like oscillation spectra in a co- 
365 herent way. This validity is also confirmed for red giants. 
For those stars, we may assume that Sas = 1/4. Having the 
observed value £obs much larger than Cas can be seen as 
an artefact of the curvature ttobs introduced by the use of 
Az^obs: 



370 Eobs 



1 /, Q^obs 
^ l^i + Tlmax 2 



<*^obs 



(22) 



However, we note in Fig. [7] a clear gradient of Eas with 
the stellar mass: high-mass stars have in general lower e^s 
than low-mass stars, similar to what is observed for Eobs- In 
massive stars, the curvature is more pronounced; Sohs and 

375 Eas are lower than in low-mass stars. As a consequence, the 
asymptotic value e^s cannot coincide with 1/4, as is approx- 
imately the case for low-mass stars. We tried to reconcile 
this different behavior by taking into account a mass depen- 
dence in the fit of the curvature. In fact, fitting the higher 

380 curvature of high-mass stars would translate into a larger 
correction, in absolute value, from Sohs to Eas, so that it 
cannot account for the difference. 

We are therefore left with the conclusion that, contrary 
to low-mass stars, the asymptotic expansion is less satis- 

385 factory for describing the radial-mode oscillation spectra of 
high-mass stars. At this stage, we may imagine that in fact 
some features are superimposed on the asymptotic spec- 
trum, such as signatures of glitches with longer period than 
the radial-order range where the radial modes are observed. 

390 Such long-period glitches can be due to the convective core 
in main-sequence stars with a mass larger than 1.2 Mq] 
they are discussed in Section 14.11 



We explore here some consequences of fitting the observed 
oscillation spectra with the exact asymptotic relation. First, 395 
we examine the possi ble limitations of this relation as de- 



fined by |Tassoul (1980). Since the observed and asymptotic 
values of the large separation differ, directly extracting the 
stellar radius or mass from the measured value Afobs in- 
duces a non-negligible bias. Thus, we revisit the scaling 400 
relations which provide estimates of the stellar mass and 
radius. In a next step, we investigate the meaning of the 
term Eobs- We finally discuss the consequence of having 
Eas exactly equal to 1/4. This assumption would make the 
asymptotic expansion useful for analysing acoustic glitches. 405 
Demonstrating that radial modes are in all cases based on 
Eas = 1/4 will require some modeling, which is beyond the 
scope of this paper. 

4.1. Contribution of the glitches 

Solar and stellar oscillation spectra show that the asymp- 410 
totic expansion is not enough for describing the low-degree 
oscillation pattern. Acoustic glitche s yield significant modu- 
lation fe.g.. lMazumdar et al.ll20T2l and references therein). 

Defining the global curvature is not an easy task, since 
the radial oscillation is modulated by the glitches. With 415 
the asympt otic d escription of th e signature of the glitch 
proposed bv lProv ost ct al.' (|1993[ ). the asymptotic modula- 
tion adds a contribution Si^nfi to the eigenfrequency Vnfi 
defined by Eqs. ([T]) and which can be written at first 
order: 420 



— — — = psm27r 

Ai/as 



(23) 



where /3 measures the amplitude of the glitch, rig its phase, 
and iVg its period. This period varies as the ratio of the 
stellar acoustic radius divided by the acoustic radius at the 
discontinuity. Hence, deep glitches induce long-period mod- 425 
ulation, whereas glitches in the upper stellar envelope have 
short periods. The phase rig has no simple expression. The 
observed large separations vary approximately as 

27r/3 n — n„ 

- — - ~ H- Qfobs [n - nmax) + COS 27r— - — , (24) 

iXVohs JVg iVg 

according to the derivation of Eq. (|23)) . In the literature, 430 
we see typical values of iVg in the range 6 - 12, or even 
larger if the cause of the glitch is located in deep layers. 
The amplitude of the modulation represents a few percent 
of Ai^obs, so that the modulation term 27r/3/iVg can greatly 
exceed the curvature aobs • This explains the noisy aspect of 435 
Figs. |4]to[71 which is due to larger spreads than the mean 
curvature. From Eas — 1/4, one should get £obs,as — 1-39 for 
main-sequence stars. If the observed value Eobs differs from 
the expected asymptotic observed Eobs, as, then one has to 
suppose that glitches explain the difference. The departure 440 
from Eas = 1/4 of main-sequence stars with a larger mass 
than 1.2 M0 is certainly related to the infiuence of their 
convective core. If the period is long enough compared to 
the number of observable modes, it can translate into an 
apparent frequency offset, which is interpreted as an offset 445 
in Eobs- Similarly, glitches due to the high contrast density 
between the core and the envelope in red giants, with a 
different phase according to the evolutionary status, might 



7 



B. Mosser et al.: Asymptotic and measured large frequency separations 



modify differently the curvature of their oscillation spectra. 
450 These hypotheses will be tested in a forthcoming work. 

4.2. Scaling relations revisited 

The importance of the measurements of Ai^obs and z^max is 
emphasized by their ability to provide relevant estimates of 
the stellar mass and radius: 



455 



480 



485 



490 



495 



500 



Ro 



bs 



Rq 
Mobs 



Mr. 



V Az/0 

3 



^max , 



bs 



At/p 

Ai/0 



-2 s 1/2 

TV 



-4 X 3/2 



Tr.- 



(25) 



(26) 



The solar values chosen as references are not fixed uni- 
formly in the literature. Usually, internal calibration is 
ensured by the analysis of the solar low-degree oscilla- 

460 tion spectrum with the same tool used for the asteroseis- 
mic spectra. Therefore, we used Az/q = 135.5 //Hz and 
J^max,0 — 3050 /iHz. One can find significantly different 
values, e.g., At/^ = 134.9 /xHz and t'max = 3120 /iHz 
()Kallinger et al.ll20To[ ). We wiU see later that this diver- 

465 sity is not an issue if coherence and proper calibration are 
ensured. 

These relations rely on the definition of the large sepa- 
ration, which scales as th e square root of the mean stellar 
density (EddingtonI Il917l ) , and i^ma.x, which sc ales as the 
470 cutoff acoustic frequency (jBelkacem et al.|[2011[ ). From the 
observed value Az/obs, one gets biased estimates R{lS.Vohs) 
and M(Ai'obs), since Az/obs is underestimated when com- 
pared to Az^as- Taking into account the correction provided 
by Eq. (|lll) . the corrected values are 



475 i?as (1 - 2C) i?obs and Afas (1 " 4C) Afobs, 



(27) 



with C defined by Eqs. (PU]) or (PT|). depending on the 
regime. The amplitude of the correction C, can be as high 
as 3.8 %, but one must take into account the fact that scal- 
ing relations are calibrated on the Sun, so that one has to 
deduce the solar correction C,q ~ 2.6 %. As a result, for 
subgiants and main-sequence stars, the systematic nega- 
tive correction reaches about 5 % for the seismic estimate 
of the mass and about 2.5 % for the seismic estimate of the 
radius. The absolute corrections are maximum in the red gi- 
ant regime. This justifies the correcting factors introduced 
for deriving m asses and radii for CoRoT red giants (Eqs. 
(9) and (10) of lMosser et"aLll2010D . obtained by comparison 
with the modeling of red giants chosen as reference. 

We checked the bias in an independent way by compar- 
ing the stellar masses obtained by modeling (sublist of 43 
stars in Tabled]) with the seismic masses. These seismic es- 
timates appeared to be systematically 7.5% larger and had 
to be corrected. The comparison of the stellar radii yielded 
the same conclusion: the mean bias was of the order 2.5 %. 
Furthermore, we noted that the discrepancy increased sig- 
nificantly when the stellar radius increased, as expected 
from Eqs. (P7)) . (PH)) and (PT|) . since an increasing radius 
corresponds to a decreasing value of rz-max- 

This implies that previous work based on the uncor- 
rected scaling relations might be impr oved. This concerns 
ensemble asteros eismic results (e.g., IVerner et al.l 1201 it 
iHuber et al.ll2011) or Galactic popu lation analysis based on 
distance scaling (jMiglio et al.ll2009D . This necessary system- 
atic correction must be prepared by an accurate calibration 



of the scaling relati ons, taking into account the evolutionar y 
status of the star (IWhite et al l 120111: iMiglio et al1l2012[ ). 
cluster properties (iMiglio et al.l 2012), or independen t in- 
terferometric measurements ( Silva Aguirre et al.ll2012f) . 

At this stage, we suggest deriving the estimates of the 
stellar mass and radius from a new set of equations based 
on Ai^as or Az^obs: 



R 

Rq 

M 



Al 



Az^rcf 
Al/ro 



1/2 



3/2 



(28) 



(29) 



505 



510 



with new calibrated references v^cf — 3104 /iHz and Avj-d — 
138.8 /iHz based on the comparison with the models of 515 
Table [T] In case Az/obs is used, corrections provided by 
Eq. (P7)) must be applied; no co rrection is needed with 
the use of Az^as- As expected from lWhite et all (|201l[ ). we 
noted that the quality of the estimates decreased for effec- 
tive temperatures higher than 6500 K or lower than 5000 K. 520 
We therefore limited the calibration to stars with a mass 
less than 1.3 Af0. The accuracy of the fit for these stars 
is about 8 % for the mass and 4 % for the radius. Scaling 
relations are less accurate for F stars with higher mass and 
effective temperatures and for red giants. For those stars, 525 
the performance of the scaling relations is degraded by a 
factor 2. 

4.3. Surface effect? 

4.3.1. Interpretation of Eobs 

We note that the scaling of Sohs for red giants as 530 
a function of log Av implicitly or explicitly presented 
by many autho rs (Huber et al. 2010; Mos ser et al.l 1201 it 
iKallinger et al.|[2bl2i : .Corsaro c t al. 2012) can in fact be 
explained by the simple consequence of the difference be- 
tween Afobs and Az/as- Apart from the large spread, we 535 
derived that the mean value of Eas , indicated by the dashed 
line in Fig. [71 is nearly a c o nstan t. 

Following IWhite et al.l ()2012D . we examined how £obs 
varies with effective temperature (Fig. [5]). Unsurprisingly, 
we see the same trend for subgiants and main-sequence 540 
stars. Furthermore, there is a clear indication that a similar 
gradient is present in red giants. However, there is no simi- 
lar trend for Eas- This suggests that the physical reason for 
explaining the gradient of Sohs with temperature is, in fact, 
firstly related to the stellar mass and not to the effective 545 
temperature. 

The fact that Sohs is very different from £as = 1/4 and 
varies with the large separation suggests that Eobs cannot 
be se en solely as an off set relating the surface properties 
fe.g.. [White et ai]|2012f ). In other words, £obs should not 550 
be interpreted as a surface parameter, since its properties 
are closely related to the way the large separation is de- 
termined. Its value is also severely affected by the glitches. 
Any modulation showing a large period (in radial order) 
will translate into an additional offset that will be mixed 555 
with Eobs- 

In parallel, the mass dependence in £as also indicates 
that it depends on more than surface properties. Examining 
the exact dependence of the offset Sas can be done by iden- 
tifying it with the phase shift given by the e igenfrequency 560 
equation ([Roxburgh fc Vorontsovll2000Ll200lD . 
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4.3.2. Contribution of the upper atmosphere 

The uppermost part of the stellar atmosphere contributes 
to the slight modification of the oscillation spectrum, since 

565 the level of r eflection of a pressu re wave depends on its fre- 
quency (e.g.. iMosser et aT1ll994f) : the higher the frequency, 
the higher the level of reflection; the larger the resonant cav- 
ity, the smaller the apparent large separation. Hence, this 
effect gives rise to apparent variation of the observed large 

570 separations varying in the opposite direction compared to 
the effect demonstrated in this work. This effect was not 
considered in this work but must also be corrected for. It 
can be modeled when the contribution of photospheric lay- 
ers is taken into account. For subgiants and main-s equence 

575 stars , its magnitude is of about — 0.04Ai/ (Math ur et al.l 
|2012|) . hence much smaller than the correction from Ai^obs 
to Az/as, which is of about -fl.l4 Ai/ (Eq. ([T5)) '). 



4.4. A generic asymptotic relation 

We now make the assumption that eas is strictly equal to 
580 1/4 for all solar-like oscillation patterns of low-mass stars 
and explore the consequences. 



4.4.1. Subgiants and main-sequence stars 

The different scalings between observed and asymptotic 
seismic parameters have indicated a dependence of the ob- 
585 served curvature close to ?T.,"^ax subgiants and main- 
sequence stars. As a result, it is possible to write the asymp- 
totic relation for radial modes (Eq. ©) as 



590 



595 



MS 



1 

" 4 



0.57 
12.8 



n 

^max 



n 



Al'a 
Al/a, 



(30) 
(31) 



M_RqTq 

Mq R Teff 



l/2\ 



— -^-^ A.as.(32) 



This underlines the large similarity of stellar interiors. With 
such a development, the mean dimensionless value of the 
second-order term is omS: since the ratio tiraax/n is close to 
1 and does not vary with rimax- However, compared to the 
dominant term in n, its relative value decreases when rimax 
increases. In absolute value, the second-order term scales as 
Az/as ^'max/'^, SO that the dimensionless term di of Eq. [1] is 
proportional to i^max/Afas, with a combined contribution 
of the stellar mean density (Az^as term) and acous tic cut- 
off fre quency (fc'max, hence contribution. .Bclkacem et al.l 
(l20Tll) l. 



4.4.2. Red giants 

600 For red giants, the asymptotic relation reduces to 

^2 



1 



n 

,2 



Az 



0.037 

4 n 



1 18J3 ( M_Rq Tq 
4 n 



Mq R T, 
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(33) 
(34) 

Al/as, (35) 



-1 h 
1200 




Fig. 9. Variation 
HD 49933. 
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of Vn,0 



n difference 
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with a'fjG — '^rg/(1 + cirg)- The relationship given by 
Eq. (fT7|) ensures that the relative importance of the second- 
order term saturates when nmax decreases. Its relative in- 
fluence compared to the radial order is a'ptc, of about 4 %. 
Contrary to less-evolved stars, the second-order term for 605 
red giants is in fact proportional to v^^^/v and is predom- 
inantly governed by the surface gravity. 

4.4.3. Measuring the glitches 

These discrepancies to the generic relations express, in fact, 
the variety of stars. In each regime, Eqs. pOI) and ([55]) pro- 610 
vide a reference for the oscillation pattern, and Eq. ([25)1 in- 
dicates the small departure due to the specific interior prop- 
erties of a star. Asteroseismic inversion could not operate 
if all oscillation spectra were degenerate and exactly simi- 
lar to the mean asymptotic spectrum depicted by Eq. (1301) 615 
and ([55]) ). Conversely, if one assumes that the asymptotic 
relation provides a reliable reference case for a given stellar 
model represented by its large separation, then comparing 
an observed spectrum to the mean spectrum expected at 
Az/ may provide a way to determine the glitches. In other 620 
words, glitches may correspond to observed modulation af- 
ter subtraction of the mean curvature. We show this in an 
example (Fig. [31), where we subtracted the mean asymptotic 
slope derived from Eq. ([T8| from the local large separations 

^n+lfi — Vnfi- 625 



5. Conclusion 

We have addressed some consequences of the expected dif- 
ference between the observed and asymptotic values of the 
large separation. We derived the curvature of the radial- 
mode oscillation pattern in a large set of solar-like oscilla- 630 
tion spectra from the variation in frequency of the spac- 
ings between consecutive radial orders. We then proposed 
a simple model to represent the observed spectra with the 
exact asymptotic form. Despite the spread of the data, the 
ability of the Tassoul asymptotic expansion to account for 635 
the solar-like oscillation spectra is confirmed, since we have 
demonstrated coherence between the observed and asymp- 
totic parameters. Two regimes have been identified: one 
corresponds to the subgiants and main-sequence stars, the 
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640 other to red giants. These regimes explain the variation of 
the observed offset £obs with the large separation. 

Curvature and second-order effect: We have verified that 
the curvature observed in the echelle diagram of solar-like 
oscillation spectra corresponds to the second-order term 
645 of the Tassoul equation. We have shown that the curva- 
ture scales approximately as (Aiz/i/max)^ for subgiants and 
main-sequence stars. Its behavior changes in the red giant 
regime, where it varies approximately as (Azz/z/max) for red 
giants. 

650 Large separation and scaling relations: As the ratio 
Ai/as/Ai/obs changes along the stellar evolution (from about 
2% for a low-mass dwarf to 4% for a giant), scaling rela- 
tions must be corrected to avoid a systematic overestimate 
of the seismic proxies. Corrections arc proposed for the stel- 

655 lar radius and mass, which avoid a bias of 2.5 % for R and 
5 % for M. The corrected and calibrated scaling relations 
then provide an estimate of R and M with 1-a uncertainties 
of, respectively, 4 and 8 % for low-mass stars. 

Offsets: The observed values Sohs arc affected by the defi- 
660 nition and the measurement of the large separation. Their 
spread is amplified by all glitches affecting solar-like oscil- 
lation spectra. We made clear that the variation of Sobs 
with stellar evolution is mainly an artefact due to the use 
of Az/obs instead of Avg^s in the asymptotic relation. This 
665 work shows that the asymptotic value Eas is a small con- 
stant which does vary much throughout stellar evolution for 
low-mass stars and red giants. It is very close to the value 
1/4 derived from the asymptotic expansion for low-mass 
stars. 



670 Generic asymptotic relation: According to this, wo have 
established a generic form of the asymptotic relation of 
radial modes in low-mass stars. The mean oscillation 
pattern based on this relation can serve as a reference for 
rapidly analyzing a large amount of data, for identifying 

675 unambiguously an oscillation pattern, and for determining 
acoustic glitches. Departure from the generic asymptotic 
relation is expected for main-sequence stars with a convec- 
tive core and for red giants, according to the asymptotic 
expansion of structure discontinuities. 

680 

Last but not least, this work implies that all the quan- 
titative conclusions of previous analyses that have created 
confusion between A^as and A^obs have to be reconsidered. 
The observed values derived from the oscillation spectra 
685 have to be translated into asymptotic values before any 
physical analysis. To avoid confusion, it is also necessary to 
specify which value of the large separation is considered. A 
coherent notation for the observed value of the large sepa- 
ration at fmax should be Az/max- 
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Table 1. Stellar parameters 



Star(«) 


'T-max 


(mHz) 


TTTi 

(/.Hz) 


^max 

(mHz) 


^obs 


"obs 

xlO^ 


(K) 


HD 181907 


8.2 


3.41 


3.55 


28.0 


1 


.08 


10.2 


4790 


KIC 4044238 


8.3 


4.07 


4.23 


33.7 





.94 


6.5 


4800 


HD 50890 


8.8 


1.71 


1.78 


15.0 





.81 


8.6 


4670 


KIC 5000307 


9.1 


4.74 


4.93 


43.2 





.98 


9.9 


4992 


KIC 9332840 


9.4 


4.39 


4.57 


41.4 





.94 


10.3 


4847 


KIC 4770846 


9.8 


5.48 


5.70 


53.9 





.98 


9.7 


4801 


KIC 2013502 


10.7 


5.72 


5.95 


61.2 


1 


.01 


6.1 


4835 


KIC 10866415 


10.8 


8.75 


9.10 


94.4 


1 


.19 


8.5 


4812 


KIC 11550492 


10.9 


8.70 


9.05 


94.4 


1 


.13 


7.3 


4723 


KIC 9574650 


10.9 


9.64 


10.03 


105 


1 


.16 


6.1 


5015 


KIC 3744043 


11.2 


9.90 


10.30 


111 


1 


.18 


9.0 


4994 


KIC 9267654 


11.4 


10.4 


10.8 


117 


1 


.18 


6.7 


4965 


KIC 6144777 


11.6 


11.0 


11.5 


128 


1 


.20 


7.8 


4657 


KIC 5858947 


11.7 


14.5 


15.1 


169 


1 


.28 


4.0 


4977 


KIC 6928997 


11.9 


10.1 


10.5 


120 


1 


.17 


6.4 


4800 


KIC 11618103 


12.3 


9.38 


9.76 


115 


1 


.15 


10.0 


4870 


KIC 8378462 


12.4 


7.27 


7.56 


90.3 


1 


.10 


8.5 


4962 


KIC 12008916 


12.4 


12.9 


13.4 


159 


1 


.24 


6.7 


4830 


KIC 9882316 


13.1 


13.7 


14.2 


179 


1 


.28 


6.4 


5228 


KIC 5356201 


13.2 


15.8 


16.5 


209 


1 


.30 


8.6 


4840 


KIC 8366239 


13.3 


13.7 


14.2 


182 


1 


.28 


4.8 


4980 


KIC 7341231 


13.8 


28.8 


30.0 


399 


1 


.33 


6.7 


5300 


KIC 11717120 


14.9 


37.3 


38.8 


555 


1 


.50 


6.4 


5150 


KIC 9574283 


15.1 


29.7 


30.9 


448 


1 


.46 


6.5 


5440 


KIC 8026226 


15.2 


34.3 


35.6 


520 


1 


.50 


4.0 


6230 


KIC 5607242 


15.3 


39.8 


41.4 


610 


1 


.43 


5.0 


5680 


KIC 8702606 


15.8 


39.7 


41.2 


626 


1 


.36 


3.6 


5540 


KIC 4351319 


15.8 


24.4 


25.4 


387 


1 


.47 


4.1 


4700 


KIC 11771760 


16.0 


31.7 


32.9 


505 


1 


.54 


6.9 


6030 


KIC 7976303 


16.2 


51.1 


53.0 


826 


1 


.27 


4.0 


6260 


HD 182736 


16.4 


34.6 


35.9 


568 


1 


.44 


2.8 


5261 


KIC 10909629 


16.5 


49.2 


51.0 


813 


1 


.28 


3.5 


6490 


KIC 11414712 


16.7 


43.6 


45.2 


730 


1 


.43 


5.4 


5635 


KIC 5955122 


16.8 


49.1 


50.9 


826 


1 


.39 


4.6 


5837 


KIC 7799319 


16.9 


33.1 


34.2 


560 


1 


.55 


5.9 


5115 


Procyon 


17.0 


54.1 


56.0 


918 


1 


.41 


3.2 


6550 


KIC 1435467 


17.4 


79.6 


82.4 


1384 


1 


.30 


3.6 


6570 


KIC 12508433 


17.5 


44.8 


46.3 


784 


1 


.49 


5.4 


5280 


KIC 11193681 


17.6 


42.7 


44.2 


752 


1 


.40 


4.8 


5690 


KIC 11395018 


17.6 


47.4 


49.0 


834 


1 


.46 


3.5 


5650 


KIC 11026764 


17.6 


50.3 


52.0 


885 


1 


.39 


4.9 


5682 


HD 49385 


17.9 


55.5 


57.4 


994 


1 


.39 


5.6 


6095 


KIC 11713510 


17.9 


68.9 


71.3 


1235 


1 


.42 


2.9 


5930 


KIC 10920273 


17.9 


57.2 


59.2 


1026 


1 


.41 


4.6 


5880 


KIC 10018963 


17.9 


55.1 


56.9 


988 


1 


.20 


4.9 


6020 


KIC 3632418 


17.9 


60.4 


62.4 


1084 


1 


.19 


3.2 


6190 


KIC 10162436 


18.1 


55.5 


57.3 


1004 


1 


.18 


4.3 


6200 


KIC 8524425 


18.1 


59.4 


61.4 


1078 


1 


.49 


5.2 


5634 


KIC 7747078 


18.2 


53.8 


55.5 


977 


1 


.30 


4.0 


5840 


KIC 7103006 


18.2 


58.9 


60.8 


1072 


1 


.33 


5.1 


6394 


HD 169392 


18.3 


56.3 


58.1 


1030 


1 


.17 


2.9 


5850 


KIC 9812850 


18.4 


64.5 


66.6 


1186 


1 


.13 


2.1 


6325 


KIC 12317678 


18.4 


63.1 


65.1 


1162 


1 


.47 


5.4 


6540 


KIC 8694723 


18.6 


74.3 


76.7 


1384 


1 


.29 


4.2 


6120 


KIC 8228742 


18.7 


61.8 


63.8 


1153 


1 


.25 


2.3 


6042 


KIC 10273246 


18.7 


48.8 


50.4 


913 


1 


.10 


3.3 


6150 


KIC 6933899 


19.0 


71.8 


74.1 


1362 


1 


.42 


3.0 


5860 


KIC 11244118 


19.0 


71.2 


73.4 


1352 


1 


.44 


3.4 


5745 


HD 179070 


19.0 


60.6 


62.6 


1153 


1 


.14 


2.6 


6131 


KIC 9410862 


19.3 


105.6 


108.9 


2034 


1 


.53 


3.1 


6180 


KIC 10355856 


19.4 


67.0 


69.1 


1303 


1 


.10 


3.8 


6350 


KIC 12258514 


19.4 


74.5 


76.8 


1449 


1 


.36 


2.0 


5930 


KIC 7206837 


19.7 


78.9 


81.3 


1556 


1 


.14 


2.1 


6384 


KIC 10516096 


20.0 


84.4 


86.9 


1689 


1 


.33 


2.0 


5940 


KIC 7680114 


20.1 


84.9 


87.4 


1705 


1 


.42 


3.4 


5855 


KIC 12009504 


20.1 


87.8 


90.4 


1768 


1 


.32 


2.4 


6065 


KIC 6116048 


20.2 


100.2 


103.2 


2020 


1 


.44 


2.7 


5935 


KIC 8760414 


20.2 


116.4 


119.9 


2349 


1 


.53 


2.7 


5787 


KIC 10963065 


20.2 


102.6 


105.6 


2071 


1 


.41 


2.9 


6060 


KIC 3656476 


20.4 


93.3 


96.1 


1904 


1 


.41 


3.4 


5710 


KIC 11081729 


20.4 


89.0 


91.6 


1820 


1 


.26 


3.5 


6630 


HD 46375 


20.5 


154.0 


158.5 


3150 


1 


.50 


2.6 


5300 


KIC 9139163 


20.5 


80.3 


82.6 


1649 


1 


.06 


3.5 


6400 



M 



mod 



(Mq) 



mod 



1.20 


1.29 


12.20 


12.6 


2010Car, 2010Mig 




1.11 




10.6 


2012Mos 




4.20 


3.03 


29.90 


26.4 


2012Bau 






1.35 




10.2 


2012Mos 






1.55 




11.3 


2012Mos 






1.39 




9.37 


2012Mo2 






1.73 




9.80 


2012Mos 






1.15 




6.44 


2012Mo2 






1.14 




6.46 


2012Mo2 






1.16 




6.06 


2012Mo2 






1.21 




6.03 


2OI2M0S 






1.19 




5.83 


2012Mo2 






1.09 




5.42 


2012Mo2 






0.92 




4.27 


iOliJVloi 






1.35 




6.20 


2011Bcc, 


2OI2M0S 


1.45 


1.60 


6.60 


6.87 


2011Jia 






2.21 




9.06 


2OI2M0S 




1.26 


1.21 


5.18 


5.07 


2012Bcc 






1.49 




5.22 


2OI2M0S 




1.23 


1.19 


4.47 


4.38 


2012Bcc 




1.49 


1.46 


5.30 


5.18 


2012BCC 




0.83 


0.85 


2.62 


2.63 


2012Dch 






0.78 




2.15 


2012App, 


2012Bru 




1.11 




2.82 


2012App 






1.21 




2.64 


2012App, 


2012Bru 




0.93 




2.18 


2012App 






0.99 




2.23 


2012App, 


2012Bru 


1.30 


1.27 


3.40 


3.36 


2011diM 






1.46 




2.96 


2012App 






1.00 




1.90 


2012App 




1.30 


1.19 


2.70 


2.61 


2012Hub 






1.17 




2.05 


2012App 






1.11 




2.19 


2012App, 


2012Bru 




1.06 




1.99 


2012App, 


2012Bm 




1.31 




2.78 


2012App, 


2012Bru 


1.46 


1.17 


2.04 


1.93 


2010Bcd, 2OO8M0S 




0.86 




1.35 


2012App, 2012Bru 




1.13 




2.16 


2012App 






1.35 




2.37 


2012App 




1.35 


1.20 


2.21 


2.13 


2011Mat, 2012Crc 




1.14 




2.01 


2011Cam, 


2012App, 2012Bru 


1.25 


1.21 


1.94 


1.92 


2010Dch, 2011Dch 


1.00 


0.94 


1.57 


1.53 


2012Mat 




1.23 


1.12 


1.88 


1.83 


2011Cam, 2012Crc 




1.21 




1.93 


2012App, 2012Bru 


1.40 


1.15 


1.91 


1.78 


2012App, 2012Sil, 2012Bru 


1.36 


1.28 


2.01 


1.96 


2012App, 2012Sil, 2012Bru 




1.05 




1.75 


2012App, 2012Bru 


1.13 


1.23 


1.95 


1.97 


2012App, 2012Sil, 2012Bru 




1.30 




1.89 


2012App, 2012Bru 


1.15 


1.20 


1.88 


1.90 


2012Ma2 






1.20 




1.73 


2012App, 2012Bru 




1.30 




1.80 


2012App 






1.03 




1.50 


2012App, 2012Bru 


1.38 


1.22 


1.85 


1.79 


2012App, 2012Sil, 2012Bru 


1.37 


1.60 


2.19 


2.30 


2011Cam, 2012Crc 




1.06 




1.55 


2012App, 


2012Bm 




1.04 




1.55 


2012App, 


2012Bru 


1 'iA 


l.OO 


i.oD 


L.OO 


2OI2H0W 






0.82 




1.10 


2012App 






1.38 




1.77 


2012App, 


2012Bm 


1.30 


1.12 


1.63 


1.54 


2012App, 


2012Sil, 2012Bru 




1.24 




1.53 


2012App, 


2012Bru 


1.12 


1.09 


1.42 


1.40 


2012Mat, 


2012Bru 


1.19 


1.07 


1.45 


1.39 


2012Mat, 


2012Bru 




1.10 




1.37 


2012App, 


2012Bm 




0.93 




1.19 


2012App, 


2012Bru 


0.81 


0.78 


1.02 


1.01 


2012Mat, 


2012App, 2012Bru 




0.95 




1.18 


2012App, 


2012Bm 


1.09 


0.98 


1.32 


1.27 


2012Mat, 


2012Bru 




1.30 




1.44 


2012App, 


2012Bru 




0.54 




0.74 


2010Gau 




1.40 


1.38 


1.57 


1.57 


2012App, 


2012811, 2012Bru 
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Table 1. continued. 



— — 






A (i>) 


t^max 


^obs 


^obs 


(K) 


KV ' 

mod 


— — 


R A 

mod 




Rel.^-t > 






(mHz) 




(mHz) 




xlO^ 


(Mq) 


(Me) 


(R&) 


(Rq) 




KIC 9098294 


20.6 


108.7 


111.9 


2241 


1.47 


2.5 


5840 




0.90 




1.11 


2012App, 2012Bru 


KIC 4914923 


20.8 


88.7 


91.2 


1848 


1.34 


2.6 


5905 


1.10 


1.16 


1.37 


1.39 


2012Mat, 2012Bru 


HD 181420 


21.0 


74.9 


77.1 


1573 


0.98 


3.7 


6580 


1.58 


1.65 


1.69 


1.75 


2009Bar, 2012Oze 


HD 49933 


21.0 


85.8 


88.3 


1805 


1.04 


2.4 


6780 


1.30 


1.52 


1.41 


1.55 


2009Ben, 2012Ree 


KIC 6603624 


21.1 


109.8 


112.9 


2312 


1.56 


2.6 


5625 


1.01 


0.90 


1.15 


1.11 


2012Mat, 2012App, 2012Bm 


16 Cyg A 


21.3 


102.5 


105.4 


2180 


1.46 


2.9 


5825 


1.11 


1.05 


1.24 


1.22 


2012Met 


KIC 8394589 


21.4 


108.9 


112.0 


2336 


1.37 


3.0 


6114 




1.09 




1.19 


2012App, 2012Bru 


KIC 11253226 


21.8 


77.0 


79.1 


1678 


0.96 


2.3 


6605 


1.46 


1.82 


1.63 


1.77 


2012App, 2012311, 2012Bru 


fiArae 


21.8 


89.5 


91.9 


1950 


1.46 


2.4 


5813 


1.14 


1.29 


1.36 


1.43 


2005BOU, 2005Baz 


HD 52265 


21.8 


98.5 


101.2 


2150 


1.38 


1.8 


6100 


1.27 


1.27 


1.34 


1.34 


2011BaI, 2012G1Z 


KIC 6106415 


21.9 


103.9 


106.7 


2274 


1.38 


3.0 


5990 


1.12 


1.18 


1.24 


1.26 


2012Mat, 2012Bru 


KIC 10454113 


22.1 


104.7 


107.6 


2313 


1.27 


2.8 


6120 


1.16 


1.24 


1.25 


1.27 


2012App, 2012S11, 2012Bm 


KIC 8379927 


22.2 


120.0 


123.3 


2669 


1.37 


2.4 


5990 




1.07 




1.11 


2012App 


KIC 9139151 


22.3 


116.9 


120.1 


2610 


1.40 


2.1 


6125 


1.22 


1.15 


1.18 


1.15 


2012App, 2012S11, 2012Bru 


16 Cyg B 


22.4 


115.3 


118.4 


2578 


1.48 


2.8 


5750 


1.07 


1.07 


1.13 


1.14 


2012Mct 


KIC 9025370 


22.4 


132.3 


135.9 


2964 


1.48 


1.8 


5660 




0.91 




0.98 


2012App 


KIC 3427720 


22.4 


119.3 


122.5 


2674 


1.48 


3.1 


6040 




1.12 




1.13 


2012App, 2012Bru 


KIC 5184732 


22.5 


95.3 


97.9 


2142 


1.43 


3.3 


5840 


1.25 


1.34 


1.36 


1.39 


2012Mat, 2012Bru 


Sun 


22.7 


134.4 


138.0 


3050 


1.51 


2.0 


5777 


1.00 


0.97 


1.00 


0.99 


Sun 


KIC 8379927 


22.8 


120.4 


123.6 


2743 


1.29 


2.2 


5900 


1.09 


1.13 


1.11 


1.12 


2012Mat, 2012App 


a Cen A 


22.8 


105.7 


108.5 


2410 


1.36 


1.7 


5790 


1.10 


1.25 


1.23 


1.27 


2004Bed, 2002The 


KIC 8006161 


23.2 


148.5 


152.3 


3444 


1.68 


2.2 


5390 


1.00 


0.84 


0.93 


0.89 


2012Mat, 2012App, 2012Bru 


18 Sco 


23.2 


133.5 


136.9 


3100 


1.54 


1.8 


5813 


1.02 


1.06 


1.01 


1.03 


2011Baz, 2012Baz 


KIC 10644253 


23.3 


123.0 


126.2 


2866 


1.47 


2.6 


6030 




1.22 




1.14 


2012App, 2012Bru 


KIC 11772920 


23.4 


155.3 


159.3 


3639 


1.52 


1.8 


5420 




0.84 




0.86 


2012App 


KIC 9955598 


23.5 


152.6 


156.5 


3579 


1.58 


2.1 


5410 




0.85 




0.88 


2012App, 2012Bru 


oCenB 


25.3 


161.4 


165.3 


4090 


1.48 


1.6 


5260 


0.91 


0.98 


0.86 


0.88 


2005Kje, 2002The 



(a) Stars are sorted by Increasing rimax values. 

(b) Avas Is derived from this work . 

(c) T^H provided bv lBruntt et al.l ||2012| ). when available. 

(d) Mmod a-nd ^mod were obtained from modeling or from Interferometry, not from seismic scaling relations. 

(e) M and R are derived from the scaling relations Eqs. I I28II and I I29I I with the new calibrations defined by this work. 

(f) Referen ces are defined b y 
2002The : 



Thevenin et al.1 1 2OO2D 

to 



Bedding et al. ril2qo4f) 
Bazot et a l.l ||200 " 



2004Bed 
2005Baz 

2005Bou = Bouchy et al. ( 20O 
2005Kje = Kieldsen et al. ( 200 
2006Cat = Catala et al. ( 200' 
2OO8M0S = Mosser ct al. (2008 
2009Bar = Barban et al. ( 200~ 
2009Ben = Benomar et al. (200! 
2010Bed = Bedding ct al. (2010 
2010Car = Carrier et al. (201 
2010Deh = Dchcuvels et al. (201 



!) 



2011Deh = Dchcuvels & Mlche y201ll 



11^ 

oTiD 



2010Gau = Gaulrnc et al. (201 
2010Mlg = MigUo et al. (2010|) 
2011Bal = Ba llot et al.. 120 111) 
2011Baz = B azot et al I }201M 
2011Bec = Beck et al.' )2011') 
2011Cam = Campantc ct al. (2m\ 

icU^'' 

2011dlM = dl Mauro et al. (201M 
2011Jia = Jiang ct al. (2011) 

2011Mat = Mathur ct al. {20\^ 

2012App = Appourchaux ct aiT((20ll) 
2012Bau = Baudin ct al. (20l3) 
2012Baz = Bazot et al. (2012) 
2012Bec = Beck et al. (2012) 
2012Bru = iBruntt et al., t20ljl 
2012Cre = ICreevev et al.l (120121) 
2012Deh = iDeheuvels et all (l20l"l l 
2012G1Z = Gizon et al. (2012) 
2OI2H0W =lHowell et al.l (12012 
2012Hub = Hubcr et al. (2012'_ 
2012Mat = Mathur ct al. (201J 
2012Ma2 = Mathur ct al. (2015 
2012Met = Metcalfe et al t2oT2 
2OI2M0S -- ' ' 
2012Mo2 
2012Oze = 
2012Ree = 



Mosser et al 



Mosser et al. 



: Ozel et al. (2012) 
: iReese et all (l2012f) 



795 



800 



805 



810 



815 



820 



825 



830 



835 
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2012Sil = ISilva Aguirre et al.l ||2012|'| 
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